INTRODUCTION
Antenna proteins serve as light harvesting systems in all photosynthetic organisms that collect energy for the primary light reactions in the reaction centers. In higher plants, the antenna proteins of both photosystems constitute the large family of light-harvesting chlorophyll (Chl) a/b binding (LHC) proteins (1) . All LHC proteins are encoded by nuclear cycle (0.4 M sucrose, 5 mM Tricine-NaOH pH 7.8, 0.05 % (w/v) dodecylmaltoside and centrifuged at 280 000 g for 17 h at 4°C.
Pigment analysis
Pigments were extracted from all samples following the method of (24) and separated by reversed-phase HPLC as described in (18).
Preparation of crude VxDE extracts
VxDE extracts were isolated from spinach essentially following the procedure described by Arvidsson et al., (1996) (25) . Roughly, isolated thylakoids were broken by sonification at pH 5.1 and VxDE was released from the resulting membrane fragments by increasing the pH to 7.2 for the final sonification step. After centrifugation, VxDE was precipitated from the supernatant by differential (NH 4 ) 2 SO 4 fractionation and finally collected by ultracentrifugation (25).
In vitro de-epoxidation
For de-epoxidation, VxDE extracts were diluted 15-fold with 0.4 M citrate/NaOH pH 5.1. Recombinant LHCII or isolated Vx was mixed with monogalactosyl diacylglycerol (MGDG) at a molar Vx:MGDG ratio of 1:30, and added to the assay yielding a final Vx concentration of about 100 nM. De-epoxidation was performed at 28°C and started by adding of 30 mM ascorbate. For kinetic analysis, de-epoxidation was stopped by mixing the sample with 2-butanol at indicated time points. Pigment stoichiometry of complexes upon incubation with VxDE was determined after concentrating the sample in 30 kDa-Centricon tubes (Amicon), resolubilization in 0.1 % LM and subsequent purification of monomeric complexes on sucrose gradients.
RESULTS
The pigment composition of LHCII reconstituted with different carotenoids is summarized in Table I We investigated the convertibility of Vx in the reconstituted complexes. Under our experimental conditions, free Vx was fully converted to Zx by the VxDE within ten minutes ( Vx, although the kinetics was retarded by about a factor of 2 ( Fig. 1B ) when compared to nonbound Vx. In LHCII containing 1.5 Vx and 1 Nx per monomer, de-epoxidation was even more strongly retarded. Moreover, the convertibility was restricted to about 50% of the total Vx, indicating a partial accessibility of Vx for de-epoxidation (Fig. 1C) . Replacement of all carotenoids by Vx led to a multiphasic kinetics of de-epoxidation: A fraction of about 60% was convertible to Zx within 30 min as before, while the remaining portion showed a very slow turnover (Fig. 1D) .
We determined the rate constants for both steps, Vx→Ax and Ax→Zx, of the deepoxidation reactions in all experiments. Since the de-epoxidation follows a first-order k 11 , k 12 , k 13 k 2
Vx → Ax → Zx A single exponential term was sufficient to fit the data for free Vx, Vx/Nx-monomers and Lu/Vx-monomers (Table II) , revealing rate constants in the range from 0.1 to 0.5 min -1 .
The time-dependent decay of Vx in Vx-monomers (Fig. 1D) (Fig. 1C,D) . Only Vx-Lu-LHCII (0.9) exhibited a slightly decreased value when compared to the DEPS of 1.0 in the former experiment (Fig. 1B) .
Comparing total pigment samples with reisolated monomers, a partial loss of xanthophylls and also Chl was observed in all samples, including controls, which can be related to the incubation at 28°C for 70 min. In comparison with untreated monomers (Table   I) , we observed a loss of about 0.5 Vx in Vx-monomers and Vx-Lu-complexes leading to 2.3 and 0.5 Vx, respectively. In Nx-Vx-complexes, the Vx content remained unchanged whereas Nx was slightly reduced (Table III) .
Newly formed Zx was bound to all LHCII complexes with different stoichiometries (Table III) . In Vx-LHCII 1.4 Zx were bound to the monomers while 0. Incubation of complexes under de-epoxidation conditions and subsequent repurification leads to a preferential loss of Chl a (compare Table I and control monomers in Table III ). The normalization of initially isolated versions of LHCIIb to 13 Chls and reisolated monomers to 12 Chls is justified by this loss and the fact that a Chl number of 12 in the original samples would imply the unlikely insertion of up to one Chl b after treatment for deepoxidation.
Our pigment data indicate binding of almost three carotenoids per monomer in all complexes, in rough agreement with previous studies (11, 12) . For LHCII containing either Vx as its single carotenoid species or Lu plus Vx, lower stoichiometries of 2.2-2.3 have also been reported (11, 12) . These differences are most likely based on varying purification conditions and reflect a low affinity of Vx to the Nx binding site of the native protein.
According to previous work (11, 12) , we assume that in complexes containing 2 Lu and 1 Vx, the two Lu binding sites of the native complex, L1 and L2, are both occupied by Lu and that Vx is bound either to the Nx binding site of the native complex or to a peripheral site.
The notion that Vx is most rapidly converted to Zx in complexes containing 2 Lu and 1 Vx could then be explained by assuming that Vx is easily accessible for VxDE at these sites. In complexes reconstituted with Vx and Nx, 1.6 Vx and 1 Nx were determined per monomer. Since Nx has a much higher affinity to the Nx binding site of the native complex in comparison with Vx (11), it is likely that in these complexes the Vx molecules are bound to the L1 and L2 site of LHCII. Our experiments have shown that only a portion of this Vx can be converted into Zx (Fig 1C) and that Vx bound to one specific site, either L1 or L2, is not available for de-epoxidation (Fig.3) . This may indicate that one of the two Lu binding sites In LHCII complexes containing Vx as its single carotenoid species all three binding sites are occupied by Vx. In contrast to the Vx/Nx-monomers, Vx bound to both the L1 and L2 site was convertible to Zx. Obviously, the unexpected accessibility of Vx bound to L1 was related to the absence of Nx in these complexes. This interpretation would suggest a stabilising function of Nx for the structure of LHCII. Since we do not observe a pronounced dissociation of these complexes the lack of Nx may simply result in a slightly changed overall conformation providing an increased accessibility of Vx bound to L1. Two of the three Vx were rapidly convertible to Zx in these complexes with similar kinetics as found in the Lu/Vx-and Vx/Nx-monomers (Fig.1 , Table II ). This confirms the conclusion that Vx bound to the L2 site and the Nx binding site of the native complex is easily accessible for de-epoxidation.
Our analyses of the reaction kinetics indicated that Vx is de-epoxidized at different carotenoid binding sites at specific rates (Table II) It is known that most of Vx present in thylakoid membranes is bound to PSI antenna proteins and to the minor PSII antenna proteins Lhcb4-6 and not to LHCII (8, (18) (19) (20) .
According to the structural similarity among the different antenna proteins, the characteristics In our experiments with recombinant LHCII, however, the xanthophyll / Chl ratios of the de-epoxidized and control LHCII monomers were only slightly different in Vx-complexes (0.18 and 0.19 respectively) and identical for Nx-Vx-LHCII and Vx-Lu-LHCII although Zx was also present in the free pigment zone (Table III) . Obviously, the partial loss of xanthophylls was independent of the DEPS and simply caused by the incubation at 28°C. We conclude from this result that under our experimental conditions accessible Vx is converted to Zx and, provided that complexes do not fall apart, all newly formed Zx is rebound by the LHCII complexes. Considering the low concentrations of LHCII complexes and carotenoids in our assay, it can be assumed that LHCII and VxDE stay in close contact during the deepoxidation reactions and that no release of carotenoids into the lipid phase occurs.
In conclusion, our data support the view that the kinetics and the extent of Assuming a first-order kinetics for this reaction, rate constants were derived for both steps of de-epoxidation, Vx→Ax (k 11 ) and Ax→Zx (k 2 ). For Vx-monomers, the data points could be fitted with 2 or 3 exponentials with a range of rate constants (A,B). Amplitudes are given in parentheses. Table III Pigment stoichiometries of LHCII complexes after de-epoxidation Monomeric complexes were obtained by sucrose density gradient centrifugation and used for de-epoxidation experiments. For de-epoxidation, samples were incubated for 70 min at 28°C in presence (monomer +VxDE) or absence (control) of VxDE. After de-epoxidation, samples were concentrated and reloaded on a sucrose density gradient and fractions containing monomeric LHCII and unbound pigments were analysed. Data were normalized to 12 or 13 Chl (a+b). Mean values of two experiments are shown with deviations no larger than ± 12 % . Xan = xanthophylls, DEPS = de-epoxidation state (Zx/(Zx+Vx)). 
Vx-monomers

